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Radiation Characteristics of Traveling-Wave Antennas 
Excited by Nonsinusoidal Currents 


NIE ZAIPING 


Abstract—In this paper, the idea about traveling-wave antennas 
excited by nonsinusoidal currents for high-resolution exploration is 
advanced. First the analytic expressions of the radiation waveforms in 
the far zone produced by a single transient of current traveling along a 
straight wire are derived in time domain. Then the radiation char- 
acteristics of traveling-wave antennas excited by nonsinusoidal cur- 
rent, such as the mean-power pattern functions and the directivity, 
are given, and the space waveform control and radiation efficiency are 
discussed. Based on previous results, the radiation waveforms of 
dipole antennas excited by pulse current are obtained from time- 
domain analysis. In a practical example, comparing these waveforms 
with corresponding waveforms obtained from frequency-domain anal- 
ysis and measured data in [4] and [13], good agreements are obtained in 
various radiation directions. Some errors in [14] are also pointed out 
and corrected. 

Key Words—Traveling-wave antennas, radiation characteristics, 
nonsinusoidal current excitation, analysis, time domain. 


I. INTRODUCTION 


jl PURPOSE of developing radar technique is always 
to obtain high-resolution high-precision target discrimina- 
tion and a good image. This requires an increase of the band- 
width of the radiated signal. The ultimate form is to use 
directly a video-pulse signal. Because of this, research on non- 
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sinusoidal-wave radar techniques is increasing. Specifically, 
from the 1970s, Harmuth [1]-[3] has made important 
nonsinusoidal waves. Schmitt et al. [4], Abo-Zena and Beam 
[5], Fralick [6] ,and Chufang [7] have also done much success- 
ful work in the research on nonsinusoidal-wave radiation 
theory. The Rome Air Development Center [8], Stanford 
Research Institute [6], and Ohio State University [9] have 
conducted impressive experiments on nonsinusoidal-wave 
radiation and scattering. As a practical application of non- 
sinusoidal waves, Cook [10], [11] and Moffatt et ai. [12] 
devoted themselves to the design of video-pulse into-the- 
ground radar. At present, at least 40 pulse-into-the-ground 
radars are working in 10 countries. 

The most interesting and the most difficult problem in 
nonsinusoidal-wave radar is how to transmit and receive pulses 
effectively and directively with high fidelity. Literatures 
published so far have paid great attention to the broad-band 
requirements of the input characteristics and the radiation 
characteristics of pulse antennas, but often neglected another 
important requirement, i.e., there should be no reflection of 
the exciting current between source, feeder, and antenna, 
as well as at different parts of the antenna. Actually, in radar 
applications, we are usually interested only in radiating in 
space short pulses with long periodic repetition time and do 
not require the pulse to have the same time variation as the 
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(a) 
Fig. 1. 


(b) 


Geometry of single traveling-wave antenna. 


exciting current in the antenna. Furthermore, if we are able 
to know and control the distortion of the radiated pulse, then 
this distortion can be used for waveform transformation and 
space pulse compression. This aspect will be discussed later. 
However, for high-resolution radar systems, the damped 
oscillation caused by the transmission back and forth of the 
pulse current in the antenna must be prevented. Otherwise, 
the radar resolution will worsen greatly, false images will 
occur, and the discrimination of the target will become 
difficult. 

Hence, in this paper, the idea about the traveling-wave 
antenna excited by a nonsinusoidal signal for high-resolution 
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wave propagation in space, the electric field strength produced 
by this Hertzian dipole at an observation point p(r, 9, y) is 


[1] 


1 1rx(rXxs) 
E|—,0,t } =£(@,t)- —— (2) 
r r sr 
where 
Zo a x; 9r—Xx;cos@ 
£@,t)=—* — i(0,t-+—-—+——) - ay, 
4nc dt Co c 


c is the wave velocity in the surrounding space and Zp is the 
wave impedance. In a spherical coordinate system, (2) can 
be written as 


1 1 
a(? 9, ) -2(4¢ de 
r r 


where 


(3) 


1 Zo sin® d x r—x;cos® 
E\—,90,t}= —i\0,t—-— ———~—— ]} - &; 
r 4ncr_ dt Co c 


exploration is advanced. First, the analytic expressions of 
the radiation waveform in the far zone produced by a single 
transient of current traveling along a straight wire are derived 
in the time domain, then the mean-power pattern functions 
of the traveling-wave antenna are given, and the radiation 
waveform control and radiation efficiency are discussed. 
Based on previous results, the radiation waveforms of a dipole 
antenna excited by pulse currents are obtained from time- 
domain analysis. In a practical example, comparing these 
waveforms with corresponding waveforms obtained from 
frequency-domain analysis and measured data in [4] and [13], 
good agreements are obtained in various radiation directions. 
These agreements demonstrate previous results for the traveling- 
wave antenna are correct. Finally, some errors in [14] are 
also pointed out and corrected. 


II. RADIATION CHARACTERISTICS OF A SINGLE 
TRANSIENT OF CURRENT TRAVELING ALONG A WIRE 


Consider the traveling-wave linear antenna with length /, as 
shown in Fig. 1(a). This antenna can be treated as the one- 
dimensional traveling-wave array of many current elements 
(Hertzian dipoles) with length Ax arranged coaxially and 
fed in series, as shown in Fig. 1(b). Assume point x = 0 is 
the feed point and i(0, 7) is the exciting current at x = 0; 
then the exciting current of Hertzian dipole Ax; at x = x, 
is expressed as follows: 


, . xj 
ix;, ) =i, 0,t-— 
£0 


where co is the propagation velocity of the current along 
direction x. If account is taken of the time delay caused by 


(1) 


dg is the unit vector in the increasing © direction. 
Thus the electric field strength in the far zone produced 
by the traveling-wave array with n elements is 


1 1 
z,(2.8 ) -#;(*.06) de 
r r 


where 


(4) 


Let Ax; > 0,0 > &,; the field in the far zone produced by 

a single transient of current traveling along a linear antenna 
is 

Zo sin (3) i d 

9 at 


x r-xcosO 
. i(o.-2 -_—_— Jer 
Co c 


Assume the exciting current i(0, f) at the feed point is a 
linear transition with transient time AJ, as shown in Fig. 
2(a). For this single current transition 


4ncr 
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Fig. 2. (a) The waveforms of exciting current i(0, t) at x = 0 and its 
derivative di(O, t)/dt versus time. (b) The function di(0, t — 
ct —r—cAT ct—r apes: : 
=4 I/AT, Sie (7) (x/eq) — ¢ — x cose@/c))/dt versus x. 
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as shown in Fig. 2(b) where 


0 x> 


c ct—r ct—r—caT © cAT | 


t=—> (a) (b) 
Co —&—cosO ——cosO —&—cosO Fig. 3. (a) Five cases of pulses traveling along the antenna when the 
apparent transient width is greater than the length of the antenna. 
is the apparent transient width on the traveling-wave antenna. (b) Five cases of pulses traveling along the antenna when the ap- 
Thus (5) heaahics parent transient width is smaller than the length of the antenna. 
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08 
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a et—r ct—r (9) Fig. 4. Radiation patterns for a traveling-wave antenna for p = 1, 10, 
ee <————. < and 100 and ¢ = 1. 
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Now let us discuss the time variation of the field in the where 
far zone when the single transient of current is traveling along 
the antenna. 

Case I: The apparent transient width longer than the length fap 
of the antenna, i.e., c 
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Case II: The apparent transient width shorter than the 
length of the antenna, i., cAT/(E — cos 0) <<Jor O>0,; 
five typical positions of this transient traveling along the 
antenna are shown in Fig. 3(b). From (9) and (10) 


0 > 
Zo t  sin© 
4nr AT &—cosO 


II. THE RADIATION CHARACTERISTICS OF THE SINGLE 
TRAVELING-WAVE ANTENNA 

In the previous section, the expressions of the radiation 

waveform in the far zone produced by single transient of cur- 
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From previous expressions of the field strength, we can 
plot the radiation waveforms in different directions. These 
radiation waveforms have the following characteristics (for 
simplicity assume £ = c/cg = 1). 

1) The radiation waveform produced by a single transient 
of current traveling along the antenna is a trapezoidal pulse 
with base width 


1 
W=—(1—cos®)+ AT 
c 


where © is the angle between vector r and the direction of 
the current; it is variable from 0° to 180°. The smaller the 
angle ©, the smaller the width of the space pulse. 

2) The amplitude of the radiated pulse is Z)//4nr in the 
broadside direction (@ = 90°) for 1 > cAT. As © decreases 
from 90° to @,, the amplitude of the space pulse increases 
as predicted by sin @/(1 — cos @)or ctg O/2 from Zol/4ar 
to its maximum value 


. Zo ©, Zl 1. . 
= — cle — = —- —— sin Qc. 
max 4nr a 2 4nr cAT . 


As © decreases from ©, to 0, the amplitude of the radiated 
pulse decreases again as predicted by sin © from Ey,9x to 0. 

3) The transient times of leading and trailing edges of 
the space pulse are AT for © between 180° and @,, and 
(I/c\1— cos @) for © between ©, and 0°. 

If the exciting current is not a single transient of current 
but a trapezoidal pulse where positive and negative transients 
are 7 seconds apart, then the radiation waveform is a super- 
position of radiation waveforms of corresponding positive 
and negative transients. The radiation waveform of negative 
transient can be obtained by reversing the sign of the radiation 
waveform of a positive transient and shifting it to the right 
along the time axis by r. 


rent traveling along a linear antenna were derived. If the 
traveling-wave antenna is excited by a trapezoidal-pulse 
current with a repetition rate @, there are 2¢ transients of cur- 
rent traveling along the antenna during 1 s. Assume there 
is no interference between adjacent space pulses; from (11) 
and (12), the mean-power pattern function for a single travel- 
ing-wave antenna is obtained 


olen) 


1 
= 2¢ #e( 20.1) dt. (13) 
r 
If © < ©,, from (11) and (13) 
1 Zell} 
E?| —,9) =—>>> — [1 — 1 p(é — cos @)] sin? © 
I (: ) 8n2c272 ee ats )} 
(14) » 
where 
awd 
> ear 
If © > ©, in (12) and (13) 
1 Zy°fP 
ee, e as SE SES eee ee 
r 8n7c*7? AT p(E — cos) 
1 : in? © (15) 
: —_—————  ] sin’ ©. 
3p(E — cos 6) 


The directional patterns of a traveling-wave antenna for 
p = 1, 10, and 100 are given in Fig. 4. 
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Let (d/dO)E/(1/r, ©) = 0; one obtains an expression of 
cos @,, as a function of & and p. Assume Cg = ¢c, ie., & = 1; 
from (14) and (15), one can find the direction of maximum 
radiation as follows: 


cos! (1 —V2/Gp)), 


(16) 


When & = 1, p > 3/2, the mean-square value of the electric 
field strength in the direction of maximum radiation is 


Zoli 8 1 
5 aS at Aras 
8n°c'r 3p 8633p 
The total power radiated by the traveling-wave antenna is 
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p= [ ao [ se(Lo)r sin @d © 
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(2071 — Sp"? ~ 75h 


apo In 2p). (18) 
The directivity of the traveling-wave antenna in the direc- 
tion of maximum radiation is 


pa 2 aE p +4 p~*) 


2p! — Sp"? — bp 2-2 p~* In2dp 


forE=1,p>3. (19) 

From the above analysis, we may conclude the following: 

1) When the surrounding medium is fixed, i.e., & is fixed, 
the mean-power pattern function and the direction of maxi- 
mum power radiation of the traveling-wave antenna depends 
only on p = I/cAT, i.e., it depends on the ratio of the length 
of the traveling-wave antenna to the transient width of the 
current, but is independent of the pulse repetition rate ¢. 
The greater p, the closer to the x-axis will be the direction 
of maximum radiation. 

2) We know that the direction of maximum radiation of 
an array excited synchronously is in the broadside direction. 
However, the traveling-wave antenna will yield maximum 
radiation in the broadside direction only when its length 
is cAT or less. 

3) From (12), we find that the amplitude of the space pulse 
is independent of the transient time AT if © > ©, or] > 
cAT/(E -- cos @). This result is different from that for the Hert- 
zian dipole. For the Hertzian dipole, the smaller AT the larger 
the amplitude of the space pulse. The reason is that the re- 
duction of the value of AT for a traveling-wave antenna will 
reduce the efficient radiating length, which means the inte- 


gration interval will be reduced though the amplitude of 
di/dt will be increased in the equations for 


4) By means of the property that the space waveforms 
radiated by the traveling-wave antenna vary with radiation 
direction, we can carry out waveform transformations to 
obtain a desired radiated pulse and to increase the actual 
radiated power. For example, assume a space pulse with a 
width of 1 ns is required; one may choose the exciting cur- 
rent with transient time AT = 0.25 ns on purpose. If we 
hope to obtain a space pulse of width 1 ns in the direction 
of maximum radiation (O = @,,), then the stretching factor 
{3] is 


Se iy @,,)=4 kE=1. (20) 
—_ = — cos 7 =1., 
AT car | m) 
From (16) 
2cAT 
cos ®,, = 1— : g=1,p>3. (21) 


Solving (20) and (21), we can determine the desirable length 
1 of the traveling-wave antenna and the direction ©,, of 
maximum radiation. In this example, ] = 14 cAT, ®,, = 38°. 
If an exciting current with transient time of 0.5 ns is selected, 
one obtains / = cAT, @,, = 80°. From (17) and (18), it can 
be found that the actual radiated power and the power density 
in the direction of maximum radiation for the first selection 
are much greater than for the latter selection. 

5) The radiation efficiency of the traveling-wave antenna 
depends upon the ratio of the radiation resistance of the 
antenna to the terminal resistance. In order to increase the 
radiation efficiency, the terminal resistance should be re- 
duced and the radiation resistance of the antenna should be 
increased. The reduction of the terminal resistance depends 
upon development of a pulse power generator with small 
internal resistance. And increasing the radiation resistance 
of the antenna is related to the waveform of the exciting cur- 
rents. 

From the derivation of the radiated power for the traveling- 
wave antenna, it is clear that only current transients radiate 
power. The trapezoidal and Rademacher currents with the 
same transient width the same amplitude, and the same 
repetition rate will radiate the same power for / > cAT. But 
these currents have different mean-square values, as shown in 
Fig. 5. Therefore, the radiation resistance of the antenna 
varies with the type of exciting current. 


IV. TIME-DOMAIN ANALYSIS FOR RADIATION OF THE 
DIPOLE ANTENNA EXCITED BY PULSE CURRENT 


Consider a center-fed dipole antenna with the length 
J of each arm, as shown in Fig. 6. Assume a current transient 
with amplitude J and transient time AT is fed at the input 
terminal of the dipole. Using the results derived in Section 
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Fig. 5. Different pulse currents and their rms values: (a) Rademacher 
current, (b) trapezoidal pulse current, and (c) triangular pulse 
current. 
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Fig.6. Geometry of a center-fed dipole. 
II, one can make time-domain analysis for the response of the 
dipole to a pulse. 

First, we discuss the radiation due to this transient of 
current traveling along the upper arm of the dipole. During 
0 <t< (@/c) + AT, the current transient at the feed point 
of the dipole travels along the +z direction. From (11) and 
(12), one can plot the corresponding radiation waveform in 
the far zone. The amplitude of this space pulse is 


Zol 


4nr 1—cos 0, 


sin © 
“_,  for®, >@, 


and the time duration of the pulse is 
gdorl 
O0<r<— (1—cos@,) + AT. 
c 


When the current transient arrives at the end of the upper 


arm (z = J), there will be a reflection of the current and the’ 


polarity of the transient will be reversed. 

Due to the end effect of the antenna, the current reflection 
coefficient may be taken as ', = —O.9. Thus duririg the time 
period (i/c) < t < (2l/c) + AT, there is a current transient 
with opposite polarity traveling along the —z direction from 
the open end of the upper arm as well. The polarity of the cor- 
responding space pulse will be reversed. Because © becomes 
180° — ©, = @,, from (11) and (12) we know the amplitude 
of the space pulse becomes 


Zrl  sin®, 


4nr 


Pay 


4nr 


sin ©, 


a for@, >@, 
1+ cos, 


1—cos®, 
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and the time duration of the pulse is 
1 ey?! 
—(1-—cos0,)<tf <—+AT. 
c c 


When the current transient arrives at the feed point, a second 
reflection occurs. Assume the antenna impendance is Z,,} 
feeder impedance is Z,, then current reflection coefficient 
Ty = (Z4 — Zs)((Z4 + Z,). Therefore, since t = 2i/c, there 
is a current transient with the amplitude JI',I’y traveling along 
+z direction. (If Ty is positive, the polarity of the reflection 
current will not be reversed.) By analogy, the set of these 
corresponding space pulses forms the time-domain wave- 
form of the field radiated by a single current transient travel- 
ing back and forth on the upper arm of the dipole. 

If the exciting current is a trapezoidal pulse where the 
leading- and trailing-edge width is AT, respectively, and base 
width is 7 + AT, for the radiation field in the far zone it is 
equivalent to a positive transient arising at t = 0 plus a nega- 
tive transient arising at tf = 7. Therefore, the radiation wave- 
form due to the trapezoidal current equals the superposition 
of the radiation waveforms of corresponding positive and 
negative transients. 

For the radiation produced by the pulse current transient 
on the lower arm of the dipole, there is a similar analysis, 
except that the incident positive transient of current now 
travels along the —z direction; then © = ©,. After first re- 
flection at the open end of the dipole, it travels along the +z 
direction and0 = ©,. 

By superposition of the radiation waveforms produced 
by the current transient in the upper arm and the lower 
arm of the dipole, the time-domain response of the dipole an- 
tenna to the pulse current is obtained. 

Clearly, the pulse response of the monopole over an in- 
finite conductive plane can be analyzed by the same means, 
because the radiation field produced by it is the same as that 
produced by a corresponding dipole. 

Let us consider an example. Schmitt et al. [4] and Pal- 
ciauskas et al. [13] performed frequency-domain analyses 
and experimental demonstrations for pulse response of a 
practical dipole. In order to compare the results easily, 
the time-domain analyses in this paper will be performed 
under the same conditions, i.e., the dipole discussed is a 
center-fed cylindrical thin antenna with the arm-length-to-ra- 
dius ratio J/a = 904, the exciting signal is a trapezoidal current 
pulse with a base width of about 0.55 I/c, the transient time 
AT = 0.15 I/e and the time interval between positive and 
negative transients r = 0.40 J/c. Assume the current reflection 
coefficient at the open end of the dipole I, = —0.9, the antenna 
impendance Z, = 300 Q, the feeder impedance Zp =502, 
and the current reflection coefficient at the feed point Ty = 
(300 — 50)/(300 + 50) = 0.72, as shown in [13]. 

According to the results derived in Section II and the 
time-domain method advanced in Section IV, the radiation 
waveform produced by this practical dipole can be plotted. 
Fig. 7 shows the waveform of the space pulse in the © = 60° 


1 The definition of the impedance of the antenna driven by pulse 
current is taken from [15]. 
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(c) 


=1.95 


(d) 


Fig. 7. The radiation waveform of a dipole excited by pulse current 
in the direction © = 60°. (a) The radiation of the upper arm of the 
dipole. (b) The radiation of the lower arm of the dipole. (c) The 
radiation waveform of the dipole obtained from time-domain analy- 
sis. (d) The radiation waveform of the dipole obtained from fre- 
quency-domain analysis in [13]. 


direction. In this figure,(a) shows the radiation waveforms in 
the far zone produced by the upper arm of the dipole, where 
solid lines represent the radiation waveform due to the leading 
edge of the exciting pulse and the dashed lines represent the 
radiation waveform due to the trailing edge of the exciting 
pulse; the total radiation waveform of the upper arm of the 
dipole can be obtained by superposing the solid and the 
dashed lines. Fig. 7(b) shows the radiation waveform produced 
by the lower arm of the dipole. In Fig. 7(a) and (b), the 
marked amplitude values are the calculated values of the fac- 
tors except Zg//4zr in (12). Fig. 7(c) shows the superposition 
of the radiation waveforms produced by upper and lower arms 
of the dipole, i.e., the time-domain waveform of the radiation 
produced by the dipole. The amplitude values marked in Fig. 
7(c) are obtained by adding together the corresponding values 
marked in (a) and (b), and multiplying by a factor 0.75, 
so that the first space pulse has the same amplitude as the 
corresponding pulse in [13], thereby affording ready compari- 
son. Fig. 7(d) represents this radiation waveform in the © = 
60° direction obtained from frequency-domain analysis in 
{13]. When the waveform of the time-domain analysis in Fig. 
7(c) is compared with the corresponding waveform of the 
frequency-domain analysis in Fig. 7(d), it is clear that there 
is good agreement between these two results. 


(b) 


(c) 

Fig. 8. The radiation waveform of a dipole excited by pulse current 
in the direction © = 90° (broadside direction). (a) The radiation 
waveform of a dipole obtained from time-domain analysis. (b) The 
radiation waveform of a dipole obtained from frequency-domain 
analysis in [13]. (c) The radiation waveform of a dipole measured 
in [4]. 


(b) 


Fig. 9. The radiation waveform of a dipole excited by pulse current 
in the direction @ = 20°. (a) The radiation waveform of a dipole 
obtained from time-domain analysis. (b) The radiation waveform of 
a dipole obtained from frequency-domain analysis in [13]. 


In Fig. 8(a) is shown the results of time-domain analysis for 
the radiation waveform of the dipole in the © = 90° direction 
(broadside direction); (b) represents the corresponding results 
of frequency-domain analysis quoted from [13]; and (c) 
represents the corresponding measured data quoted from [4]. 
Clearly, there is good agreement among these results obtained 
by three different ways. 

Fig. 9 represents the radiation waveforms of the dipole 
in the @ = 20° direction. Similarly, there is good agreement 
between the results obtained from time-domain analysis and 
those from frequency-domain analysis as well. 

In other radiation directions, similar satisfactory agree- 
ments can also be obtained. These are not listed in detail 
here. 
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In 1972, Handelsman [14] attempted to make a time- 
domain analysis for the radiation of a dipole excited by pulse 
current. Unfortunately, there are some errors in his report: 

1) The radiation waveform produced by a current tran- 
sient with a finite slope is a trapezoidal pulse with finite slope 
(see (11), (12), and the results in Section II). But in [14], 
Handelsman has a rectangular pulse. Thus some inappropriate 
results occurred in his paper, such as the radiation waveform 
of the dipole being a series of rectangular pulses [14, pp. 
66-68, fig. 32]. 

2) The expressions of radiation waveforms for © < ©, 
are different from that for © > ©, (see (11) and (12) of 
Section IY). But in [14], this important fact was neglected, 
leading to a strange result that the amplitude of the radiation 
waveform will become infinite as © > 0 (i.e., approaching 
the endfire direction). Because of the previous reasonings, 
the radiation waveforms of the dipole for © < ©, given in 
[14] (e.g., for @ = 20°, see [14, fig. 32(c)]) are quite dif- 
ferent from that given by frequency-domain analysis in [13]. 

These errors in [14] resulted principally from inappropriate 
treatment of [14, eq. (99)] in that report. The integral on the 
left of [14, eq. (99)] should be calculated in each interval of 
time for different ranges of the value of © (see Section II). 
From (11) and (12), it is clear that there are no such strange 
phenomena as occurred in [14]. In fact, the amplitude of the 
radiation waveform produced by the dipole will become zero 
asO->0. 


V. CONCLUSIONS 


From the previous discussion, we may conclude the follow- 
ing: 

The fields radiated by traveling-wave antennas, dipoles, 
and monopoles over an infinite conductive plane excited 
by pulse currents can be obtained from time-domain analysis. 
The basis of this analysis is the expression of the radiation 
waveforms in the far zone produced by a single transient 
of current traveling along a thin straight wire derived in 
Section II. 

When the surrounding medium is fixed, the mean-power 
pattern function and the direction of maximum power radia- 
tion of the traveling-wave antenna depends only on p = 
UcAT, ie., it depends only upon the ratio of the length of the 
traveling-wave antenna to the transient width of the current, 
but is independent of the pulse repetition rate ¢. The greater 
p, the closer to the x-axis will be the direction of maximum 
radiation. 

The radiation waveform of the traveling-wave antenna 


excited by a linear transient of current is a “clear” trape- 
zoidal pulse. But the radiation waveform of the dipole excited _ 
by linear transients of current is a series of pulses. In video- 
probing techniques, this result greatly deteriorates the resolu- 
tion of targets. 

There are good agreements between results of time-domain 
analysis and frequency-domain analysis for radiation wave- 
forms in different directions produced by the dipole. These 
verify the results for the radiation waveform of a single tran- 
sient of current and the radiation charactéristics of the travel- 
ing-wave antenna given in this paper. 
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